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METHODS FOR FORMING PLANARIZED
HERMETIC BARRIER LAYERS AND
STRUCTURES FORMED THEREBY

BACKGROUND OF THE INVENTION

In the manufacture of microelectronic circuits, intercon-
nect structures may be formed on a substrate using a dual
damascene process, for example. Such a process may include
trench and via openings being formed 1n an interlayer dielec-
tric (ILD) material, which are then filled with a conductive
material, such as copper, for example. A barrier layer may
then be formed on the conductive material and on the ILD,
which may act as an etch stop/barrier layer during further
processing, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly
pointing out and distinctly claiming that which 1s regarded as
the present invention, the advantages of this invention can be
more readily ascertained from the following description of
the invention when read 1n conjunction with the accompany-
ing drawings in which:

FIGS. 1a-1m represent cross-sections of structures that
may be formed when carrying out an embodiment of the
methods of the present invention.

FIGS. 2a-2b represent cross-sections of structures from the

Prior Art.

DETAILED DESCRIPTION OF THE
INVENTION

PR.

T
o>

ENT

In the following detailed description, reference 1s made to
the accompanying drawings that show, by way of 1llustration,
specific embodiments in which the embodiments may be
practiced. These embodiments are described in suilicient
detail to enable those skilled 1n the art to practice the embodi-
ments. It 1s to be understood that the various embodiments,
although different, are not necessarily mutually exclusive.
For example, a particular feature, structure, or characteristic
described herein, in connection with one embodiment, may
be implemented within other embodiments without departing
from the spirit and scope of the embodiments. In addition, 1t
1s to be understood that the location or arrangement of indi-
vidual elements within each disclosed embodiment may be
modified without departing from the spirit and scope of the
embodiments. The following detailed description 1s, there-
fore, not to be taken 1n a limiting sense, and the scope of the
embodiments 1s defined only by the appended claims, appro-
priately interpreted, along with the full range of equivalents to
which the claims are entitled. In the drawings, like numerals
refer to the same or stmilar functionality throughout the sev-
cral views.

Methods and associated structures of forming microelec-
tronic structures, such as barrier layer structures, are
described. Those methods may comprise forming a conduc-
tive material 1n an interconnect opening within an interlayer
dielectric material that 1s disposed on a substrate, forming a
low density dielectric material on a surface of the dielectric
layer and on a surface of the conductive material, and forming
a high density dielectric barrier layer on the low density
dielectric layer. The barrier layers of the embodiments enable
the reduction of the impact of the barrier layers on the overall
capacitance of interconnect structure disposed 1n microelec-
tronic devices utilizing the barrier layers of the embodiments,
for example.
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In an embodiment, a microelectronic structure 100, such as
a portion of a Damascene structure 100 of a microelectronic
device, for example, may comprise a substrate 101 (FIG. 1a).
The substrate 101 may comprise materials such as silicon,
silicon-on insulator, germanium, indium antimonide, lead
telluride, indium arsenide, indium phosphide, gallium ars-
enide, gallium antimonide, silicon carbide, aluminum nitride,
and diamond. Although several examples of materials from
which the substrate 101 may be formed are described here,
any material that may serve as a portion of a foundation upon
which a microelectronic device may be built, for example,
talls within the spirit and scope of the present invention.

The structure 100 may comprise a lower interlayer dielec-
tric (ILD) material 102, and an upper ILD material 102'. In an
embodiment, the upper and lower ILD’s 102, 102' may com-
prise low dielectric constant materials. In some cases, the
upper and lower ILD materials may comprise such materials
as silicon dioxide (comprising a k value of about 4.0) silicon
oxyftlouride (comprising a k value of about 3.8 to about 3.6),
and S10C:H (comprising a k value of about 3.1 or less). In an
embodiment, upper and lower ILD material 102", 102 may
include portions of a first and a second metal layer. A barrier
layer 104, which may comprise a dielectric barrier layer 104,
may be disposed above the lower dielectric layer 102 and
below the upper ILD material 102'. In some embodiments, the
barrier layer 104 may or may not be disposed between the
upper ILD 102' and the lower ILD 102.

A lower conductive material 106, which may comprise a
conductive copper trace 1n some embodiments, may be dis-
posed adjacent the lower dielectric layer 102. It will be under-
stood by those skilled 1n the art that the exact location of the
various dielectric layers/films and conductive maternal/traces
that may be disposed on the substrate 101 may vary according
to the particular design requirements of the structure 100. The
structure 100 may further comprise at least one interconnect
opening 107 that may extend partially through dielectric layer
102', and may comprise a copper interconnect opening 107,
such as a but not limited to a Damascene structure intercon-
nect opening 107, for example. In other embodiments, open-
ing 107 may extend completely through dielectric layer 102
and stop on dielectric barrier layer 104. In addition to opening
107, the structure 100 may also include openings 107" which
may extend fully through dielectric 102' and barrier 104 to
form a via exposing the underlying conductive material/
traces 106 that are inlaid in dielectric 102.

In an embodiment, a conductive material 106', which may
comprise a material comprising metal 1n some cases, may be
formed 1n at least one or both of the openings 107 and 107
(F1G. 1b). In an embodiment, the conductive material 106’
may comprise a conductive metal trace 106', such as a copper
conductive trace 106' (FIG. 15). In an embodiment, copper
lines and vias may be formed 1n the upper ILD material 102
on the substrate 101 using such techniques as plasma
enhanced chemical vapor deposition (PECVD), lithography/
patterning techniques, plasma etching, and copper deposition
methods, as are known 1n the art. In an embodiment, a portion
of the conductive material 106' may be removed, by utilizing
a removal process such as but not limited to chemical
mechanical polishing (CMP), for example (FIG. 1¢). Thus,
the structure 100 of FIG. 1¢ may comprise copper lines 106’
inlaid i upper ILD material 102'. In an embodiment, a top
surface 103 of the conductive material 106' and a top surface
103" of the ILD 102' adjacent the top surface 103 of the
conductive material 106' may be exposed aiter the CMP pro-
Cess.

The structure 100 comprising the exposed top surface 103
of the conductive material 106' and the exposed top surface
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103" of the ILD 102' may be exposed to a plasma pre-treat-
ment 108 (FIG. 1d). In an embodiment, the plasma pre-
treatment 108 may be performed using plasma activated H2,
NH3, N2 or Ar species. The plasma pre-treatment 108 may be
performed to eliminate residue that may remain on the top
surface 103 of the conductive material 106, 106' and on the
top surface 103' of the ILD 102' from the CMP removal
process, such as copper residues and corrosion inhibitors. The
plasma pre-clean 108 may also serve to reduce any oxides,

such as copper oxides, that may be present on the surfaces
103' 103 of the ILD 102' and the conductive material 106'.

A low density dielectric material 110 may be formed on the

top surfaces 103, 103' of the conductive material 106' and the
ILD 102' (FIG. 1e). In an embodiment, the low density dielec-

tric material 110 may be formed by such techniques as
PECVD (or any other suitable method) on the conductive
material 106" and on the ILD material 102' surfaces. In an
embodiment, the density of the low density material 110 may
comprise about 1.5 g/cm” or less. In an embodiment, the
density may comprise less than about 1.35 g/cm’. In an
embodiment, the dielectric constant of the low density dielec-
tric material 110 may comprise a range from about 2.5 to
about 4.0, and 1n some cases may comprise less than about
3.3. In an embodiment, the low density dielectric material 110
may comprise such material as S1C:H, SiCN:H, S10C:H,
S1INx:H, S1C:H, SiBN, BN, and AIN. The low density dielec-
tric material 110 may serve to reduce and or eliminate any
surface topography/roughness present on the surfaces 103,
103' of the conductive material 106' and the ILD 102'. In an
embodiment, a thickness of the low density dielectric mate-
rial may comprise about 4 nm to about 25 nm, and in some
cases may comprise a thickness of about 8 nm and above.

A high density dielectric barrier 112 layer may be formed
on top ol the low density/low-k dielectric layer 110 (FI1G. 1f).
A thickness of the high density barrier 112 may comprise a
fraction of a thickness of the low density material 110, and 1n
some cases may comprise a thickness of less than about 4 of
the thickness of the low density dielectric material 110. In an
embodiment, the high density barrier layer 112 may comprise
a fraction of the thickness that would be used without forming
the low density barrier layer 110 beneath the high density
barrier layer 112. In an embodiment the high density dielec-
tric barrier layer 112 may comprise a thickness of about 1 nm
to about 6 nm. In an embodiment, the thickness of the high
density dielectric barrier layer 112 may comprise a thickness
of about 4 nm and below. In an embodiment, the high density
dielectric barrier layer 112 may comprise a higher density
then the low density dielectric material 110, and 1n some cases
may comprise a density of about 2.0 to about 2.2 g/cm” or
greater, and a k value of about 4.0 to about 7.5, and above. In
an embodiment, the high density dielectric barrier material
112 may comprise such materials as S1C:H, S1CN:H, S10C:
H, SiNx:H, Si1C:H, SiBN, BN, AIN, and combinations
thereof.

The high density dielectric barrier layer 112 may serve as
a moisture and or copper/metallic diffusion barrier, 1n some
cases. Prior art dielectric capping/barrier/etch stop layers
typically consist of a single dense film with a high dielectric
constant or a dense bilayer with the dense layer being formed
beneath the less dense layer. In contrast, the upper layer
comprising the high density dielectric barrier layer 112 of the
various embodiments herein provides a hermetic seal and 1s
needed to prevent moisture and wet chemical diffusion into
conductive mterconnect structures 106, 106' and to prevent
copper out diffusion into the surrounding upper interlayer
dielectrics 114, for example.
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The low density dielectric material 110 of the various
embodiments herein provide a thicker low density (low-k)
film 110 that 1s formed first on exposed copper and ILD
matenal, followed by a thinner high density dielectric mate-
rial 112. The low density/low-k dielectric layer serves as a
planarnizing layer reducing/eliminating surface topography/
roughness that may have previously limited thickness scaling
of a dense dielectric barrier layer. By reducing the thickness
of the dense dielectric barrier, the impact of the high dielectric
constant of this layer on the overall capacitance of an inter-
connect structure, such as the conductive structures 106' 1s
reduced. Thus, a dual layer dielectric barrier/etch stop/cap-
ping layer 113 1s formed on exposed conductive material and
ILD surfaces, wherein the low density material 110 may
comprise a different chemical composition than the high den-
sity dielectric barrier layer 112, in some cases, and may
comprise an hermetic barrier layer 113.

An additional ILD material 114 may be formed on the high
density barrier layer 112, and suitable patterning, etching, and
formation processes may be utilized to form additional inlaid
conductive traces 116 on top of the high density barrier layer
112 (F1G. 1g). In an embodiment, the additional ILD 114 may
comprise a second low k ILD layer 114 disposed on the first
low k ILD layer and the additional conductive traces may
comprise such materials as copper. The number of successive
layers of inlaid conductive traces and ILD layers will vary
depending upon the particular application.

In another embodiment, the conductive traces 106' may be
doped with elements comprising metals such as Be, B, Mg,
Al, S81,V, Cr, Mn, Ge, for example, by using a doping process
(F1G. 1/). The doping process may comprise a variety of
methods including but not limited to forming the conductive
traces 106' using targets previously doped with metallic and
other suitable species metals and/or directly implanting 118
the conductive traces 106' with metallic and other suitable
species after the conductive traces 106' have been formed.

Subsequently, aiter the low density dielectric material 110
1s formed on the doped conductive material 106', the low
density dielectric material 110 may react with the dopant
materials present 1n the conductive material 106'. A dopant
surface interfacial layer 120 may be formed 1n between the
low density dielectric material 110 and the doped conductive
material 106' (FIG. 1i). In an embodiment, the dopant surface
interfacial layer 120 may comprise MgO, AlOx, MnS104
surface passivation, in the case when the low density dielec-
tric material 110 comprises S10C:H. The dopant surface
interfacial layer 120 may further comprise BN, SiN, VN
and/or GeN 1n the case when the low density dielectric mate-
rial 110 comprises SICN:H and/or SIN:H 1n composition.
This dopant surface/interfacial layer 120 passivates the sur-
face of the conductive material 106' and mimimizes copper
clectromigration. The high density dielectric barrier layer 112
may then be subsequently formed on the low density dielec-
tric material 110, as 1n FIG. 1f, for example.

In another embodiment (FIG. 1j), the surface of the con-
ductive trace 106' may be brietly exposed to a silicon hydride
(S1H4., S12H6, S13HR8), germanium hydride (GeH4, Ge2H6),
and/or boron hydride (B2H6) process 119 either before or
alter an in-situ plasma surface clean, such as the plasma clean
108 of FIG. 14, for example. The boron/silicon/germanium
hydride exposure may create a hydrnide surface interface layer
121 (FIG. 1%) that may comprise a CuB, CuSix, CuGex layer
that may be subsequently converted to CuBN, CuSiN, and/or
CuGeN passivation layer by a nitrodizing plasma treatment,
for example. In the case when a plasma clean 1s performed
prior to the B/S1/Ge hydride exposure, the nitrodizing plasma
clean (such as the plasma clean 108) may represent an addi-
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tional plasma treatment. The formed CuSiN, CuBN or
CuGeN hydride surface/interfacial layer 121 passivates the
conductive material 106' surface to minimize electromigra-
tion, such as copper electromigration for example. The low
density dielectric material 110 may be subsequently formed
on the hydride surface interface layer 121, and the high den-
sity dielectric barrier layer 112 may then be subsequently
tformed on the low density dielectric material 110, as 1n FIG.
1/, for example.

In another embodiment, the surface of the conductive
material 106" may be selectively capped with another, differ-
ent metal, such as but not limited to cobalt, via methods such
as a selective electroless metal deposition process 122, for
example (FIG. 11). After selective deposition and formation
of a metal cap 123 on the conductive material 106', the low
density dielectric material 110 may be formed on the capped
conductive material 106' (FIG. 1m). The low density dielec-
tric material 110 may serve to planarize the positive topogra-
phy that may be created by the metal cap layer 123 formed on
the conductive material 106'. The high density dielectric bar-
rier layer 112 may then be subsequently formed on the low
density dielectric material 110, as in FIG. 1/, for example.

FIGS. 2a-2b depicts structures of the prior art, wherein a
conductive material 206 1s disposed within a dielectric mate-
rial 202 disposed on a substrate 201. A dielectric barrier 204
1s disposed on the conductive material 206 and on the dielec-
tric material 202 (FIG. 2a). Due to poor step coverage and
poor conformality of prior art dielectric barrer films 204,
such as prior art dielectric barrier films 204 formed by
PECVD for example, the prior art dielectric barrier 204 does
not cover all surface topography of the underlying structure.
Consequently seems 205 located near interfaces of the dielec-
tric material 202 and conductive material 206 may exist
through which moisture and wet chemicals can easily pass. In
other prior art cases, 1n order to ensure that all surface topog-
raphy 1s covered, a thicker dielectric barrier 204" has been
employed, which has a negative impact on the conductive
interconnect 206 capacitance (FIG. 25). Thus both copper
corrosion and greater RC delay appears to be exhibited 1n
structures utilizing prior art diffusion barrier layers.

Prior art dielectric barrier layers have further attempted to
reduce Interconnect capacitance by decreasing the dielectric
constant of the interlayer dielectric (ILD) by reducing density

or 1n more extreme cases introducing controlled levels of
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porosity. This, however, significantly degrades the ability of 45

the dielectric barrier matenal to function as a diffusion barrier
and significantly weakens the material. Integrating low den-
s1ty or porous low-k barrier materials has proven extremely
challenging.

As described above, the methods of the present invention
enable continued scaling of the thickness of barrier/capping/
etch stop layers 1n back end copper/conductive interconnects.
As the line dimensions and spacing of such interconnects
continue to decrease, the dielectric constant of the interlayer
dielectric materials must be decreased to minimize RC delay.
The high dielectric constant of the dense dielectric barriers

utilized 1n the prior art structures can represent up to 10% of

the total capacitance of these structures. Embodiments
included herein reduce the RC delay by reducing the thick-
ness of the high density portion of the dielectric barrier.
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Although the foregoing description has specified certain
steps and materials that may be used 1n the method of the
present mnvention, those skilled 1n the art will appreciate that
many modifications and substitutions may be made. Accord-
ingly, 1t 1s mtended that all such modifications, alterations,
substitutions and additions be considered to fall within the
spirit and scope of the mnvention as defined by the appended
claims. In addition, 1t 1s appreciated that the fabrication of

various layers within a substrate, such as a silicon substrate, to
manufacture a microelectronic device 1s well known 1n the
art. Therefore, 1t 1s appreciated that the Figures provided
herein illustrate only portions of an exemplary microelec-
tronic device that pertains to the practice of the present inven-
tion. Thus the present invention 1s not limited to the structures
described herein.

What 1s claimed 1s:

1. A method comprising:

forming a conductive materal that 1s configured to include

at least one of a dopant surface interface layer, a hydride
surface 1terface layer, and a metal cap, the conductive
material 1s formed 1n an interconnect opening within an
interlayer dielectric material that 1s disposed on a sub-
strate;

forming a low density dielectric material on a surface of the

interlayer dielectric layer and on a surface of the con-
ductive material; and

forming a high density dielectric barrier layer on the low

density dielectric layer.

2. The method of claim 1 further comprising wherein the
high density dielectric barrier layer comprises a k value of
about 4.0 and above.

3. The method of claim 2 further comprising wherein the
low density dielectric material planarizes a surface of the
conductive material and the surface of the interlayer dielectric
material.

4. The method of claim 1 further comprising wherein the
low density dielectric layer comprises a k value of about 3.3
and below.

5. The method of claim 1 further comprising wherein the
high density barrier 1s about less than about Y4 of the thickness
of the low density dielectric materal.

6. The method of claam 1 wherein additional interlayer
dielectric material 1s formed on the high density dielectric
barrier layer.

7. The method of claim 1 further comprising wherein the
low density dielectric material comprises at least one of S1C:
H, SiCN:H, S10C:H, SiNx:H, S1C:H, S1iBN, BN, and AIN.

8. The method of claim 1 further comprising wherein the
surface of the interlayer dielectric layer and the surface of the
conductive material are exposed to a plasma process compris-
ing at least one of H2, NH3, N2, and Ar.

9. The method of claim 1 further comprising wherein the
low density dielectric comprises a density less than about 1.5
g/cm3 and a k value less than about 4.0.

10. The method of claim 1 further comprising wherein the
high density dielectric layer comprises a density greater than
about 2.0 g/cm3 and a thickness of about 1 to about 6 nm.
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